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ABSTRACT 

Recent r epor t s  on the microbia l  production of p ro te in  from petroleum f rac t ions  f o r  
use as human or animal food supplements prompted s tud ie s  on the f e a s i b i l i t y  of 
producing microbial p ro t e in  from coal-derived materials. Growth y i e l d s  of four 
spec ies  of t he  yeas t  Candida on seve ra l  low temperature l i g n i t e  tar  and Fischer- 
Tropsch syn the t i c  l i q u i d  f u e l  f r a c t i o n s  were compared with y i e lds  obtained on a 
normal pa ra f f in  f r a c t i o n  derived from petroleum. It was found j u s t  as f e a s i b l e  
t echn ica l ly  t o  produce microbia l  food material from low temperature tar  and 
Fischer-Tropsch f r a c t i o n s  as from petroleum-derived pa ra f f in s .  Growth y i e lds  were 
as high a s  99.8% (Fischer-Tropsch f r a c t i o n ) ,  95.2% and 84.2% (two low temperature 
l i g n i t e  tar f r a c t i o n s )  of t he  y i e l d s  obtained on the  petroleum-derived pa ra f f in  
f r ac t ion .  Similar s t u d i e s  on producing microbia l  food from coa l  a c i d s ,  n i t r i c  
acid-oxidized an th rac i t e ,  and a mixture of polynuclear hydroca rbas  found i n  
r e l a t i v e l y  l a rge  amounts i n  high temperature c o a l  t a r  revealed t h a t  these  
subs t r a t e s  d id  not support  t he  growth of yeas t s .  
c u l t u r e s  grow a t  t he  expense of these materials. 
are i n  progress.  

However, a number of b a c t e r i a l  
Determinations of growth y i e lds  

INTRODUCTION 

The problem of the  world's population explosion is  fu r the r  compounded by an ove ra l l  
gLobal food shortage.  
p ro t e in ,  a r e  needed as animal feed supplements or f o r  human consumption. The 
Permanent Section on Food Microbiology and Hygiene, In t e rna t iona l  Association of 
Microbiological Soc ie t i e s ,  i n  an  unanimous r e so lu t ion  c a l l i n g  for  an  increased 
cont r ibu t ion  of microbiology t o  world food suppl ies .  ou t l ined  seve ra l  research 
a reas ,  including hydrocarbon microbiology, which might lead  t o  increased world 
food production.l /  Recently,  r e p o r t s  have appeared dea l ing  w i t h  the microbial  
conversion of petroleum hydrocarbons t o  p ro te in ,  vitamins or amino ac ids .  
y i e l d s  of yeas t  cel ls  r i c h  i n  p ro te in  and vitamins have been obtained a t  the  
expense of the  n-alkanes (preferab ly  C10 o r  h igher )  i n  crude petroleum fractions,2-61 
feed stocks,=! or with  the  pure hydrocarbons themselves.=/ 
o f  amino a c i d s  from petroleum products has also bean reported.%% 

The rate of microbial  p ro t e in  Synthesis f a r  exceeds the  rate a t  which animals 
synthes ize  pro te in .  One 500 kg. cow fed by grazing can synthesize 0.5 kg. of 
p ro te in  per d a y , g /  whereas 500 kg. of microorganisms growing on p a r a f f i n i c  hydro- 
carbons could synthesize 1250 kg. of p ro te in  per  day.?/ 
t h a t  3 mil l ion  tons of p ro te in  per  year  (equal t o  t h e  world's  p resent  p ro te in  
d e f i c i t )  could be produced by microorganisms a t  the  expense of only 1% of the  
world's  annual production of 700 mi l l i on  tons  of crude p a r a f f i n i c  petroleum.3/ 

Coal, i n  addi t ion  t o  petroleum and n a t u r a l  gas ,  is one of t he  world's  cheapest 
sources of f ixed  carbon and energy. The present  paper r epor t s  the  r e s u l t s  of 
our s tud ie s  on the f e a s i b i l i t y  of growing microorganisms f o r  t h e i r  food value 
a t  the expense of materials derived from c o a l .  

N e w  or unusual sources of food, e spec ia l ly  high q u a l i t y  

High 

Microbial  synthes is  

It has been estimated 
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EXPERIMENTAL 

Mater ia l s .  
f u e l  ( i ron  c a t a l y s t )  were used;  f r a c t i o n  PTL (boi l ing  range Oo t o  204'), f r ac t ion  
PTD (boi l ing  range 204' t o  316'). and f r ac t ion  PTU (boi l ing  range > 316'). 

Two f rac t ions  of hexane-soluble mater ia l  from Rockdale l i g n i t e  low temperature t a r  
were obtained from the Texas Power and Light Company; the  hexane so lubles  forerun 
(HSF) and the hexane so lubles  d i s t i l l a t e  (HSD). The HSP f r ac t ion  cons t i t u t ed  7% 
and the HSD f rac t ion  46% of the  primary tar. 
HSD a r e  given i n  t ab le  1. 
f r a c t i o n s  HSF and HSD on alumina with petroleum e the r  a s  the e luent  t o  y i e l d  
phenol-free f rac t ions  HSFd and HSD0. 
mater ia l  was removed by t h i s  procedure. 

Three f r a c t i o n s  of Bureau of Mines Pischer-h-opsch syn the t i c  l i q u i d  

The composition of f r ac t ions  HSF and 
Phenolic compounds were removed by chromatographing 

Approximately 201! by weight of s t a r t i n g  

Table 1. &proximate composition of Rockdale l i g n i t e  
low temperature t a r  f r ac t ions ,  volume percent 

~~ ~~ 

Type of cons t i t uen t  HSF HSD 

Caus t ic  solubles 6-8 10-15 
Acid so lubles  2-4 1-3 
Neut ra l  o i l  88-92 80-90 

P a r a f f i n s  13-15 15-20 
Olef ins  40-55 40-50 

Alpha-olef i n s  17-20 17-20 
Aromatics 30-47 35-45 

A pa ra f f in - r i ch  f r a c t i o n  (CTP) and a l i n e a r  pa ra f f in -o le f in  f r a c t i o n  (CTPO), both 
derived from the neu t r a l  o i l  of low temperature tar, were supplied by the  Bureau 
of Wines' Horgantown Coal Research Center. Their analyses a r e  given i n  t ab le  2. 
The normal paraf f in  f r a c t i o n  derived from petroleum (PET) vas a product of the  
Olef ins  Division of the  Union Carbide Corporation. 
a n a l y s i s  of t h i s  f r a c t i o n  is given i n  t ab le  3. 

Our mass spectrometric 

Table 2. Analyses of paraf f in- r ich  (CTP) and pa ra f f in -o le f in  (CTPO) 
f r ac t ions  from Rockdale l i g n i t e  low temperature tar, weight percent 

CTP CTPO 
Carbon No. n-Paraf f i n  n-Olef i n  n-Paraf f i n  n-Olef i n  

0.2 -- -- -- 
C9 3.2 -- 0.1 0.2 

11.7 0.7 1.3 1.6 
18.2 1.5 3.6 5.3 

c10 
c11 
c12 22.4 3.3 5.8 7.6 

20.7 2.8 7.8 9.5 
10.8 3.7 7.5 10.9 

c13 

-- 6.7 9.4 
c14 

-- 4.6 5.6 
c15 

-- -- 2.3 2.9 
c16 

-- 4.2 3.1 
c17  

88.0 12.0 43.9 56.1 

c8 

0.8 -- 
-- C18 - - - - 
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Table 3. Mass spectrometr ic  a n a l y s i s  of n-paraff in  f r a c t i o n  
(PET) from petroleum 

Carbon No. Volume percent  
C9 0.5 
c10 7.2 

37.9 
29.1 
23.4 c13 

c14 1.9 

c11 
c12 

Microorganisms. 
techniques o r  from the  c u l t u r e  c o l l e c t i o n s  of the  Universi ty  of P i t t sburgh ,  
Syracuse Universi ty ,  and the  Univers i ty  of Iowa. 

Measurement of Growth Yields .  
(5.0 g.), K2WO4 (2.5 g . ) ,  and MgS04-7H20 (1.0 8.) t o  one l i t e r  of t a p  water. The 
pH was adjus ted  t o  7.0 and any inso luble  sal ts  were removed by f i l t r a t i o n .  
s t e r i l i z a t i o n  by autoclaving,  f i l t e r - s t e r i l i z e d  y e a s t  e x t r a c t  was added t o  a f i n a l  
concent ra t ion  of 0.01%. 

Inocula were prepared from c u l t u r e s  grown overnight i n  50 m l .  of Mycophil broth.  
The r e s u l t a n t  growth was c o l l e c t e d  by cent r i fuga t ion ,  washed twice i n  the  s t e r i l e  
mineral sa l ts  so lu t ion  of medium NX and resuspended i n  20 m l .  of the  same solut ion.  
One m l .  of washed ce l l  suspension served as s tandard inoculum f o r  a l l  experiments. 

Cul tures  were obtained from s o i l  by standard enrichment c u l t u r e  

Basal medium NX was prepared by adding NH4NO3 

After  

For  growth y i e l d  s t u d i e s  inocula  prepared as above were added t o  50 m l .  of medium 
i n  300-ml. Erlenmeyer f l a s k s  in t r i p l i c a t e .  A quant i ty  of s u b s t r a t e  equivalent  

t o  0.3 m l .  was weighed i n t o  each f l a s k .  T r i p l i c a t e  c o n t r o l s  cons is ted  of inoculated 
f l a s k s  without added s u b s t r a t e .  
shaker (225 r.p.m.) f o r  six days. 
2-inch diameter solvent  r e s i s t a n t  mmbrane f i l t e r s  (0.20 p pore s i z e ) ,  washed with 
10-ml .  volumes of acetone and n-hexane, d r i e d  overnight in air ,  and then weighed. 
A l l  da ta  are corrected f o r  growth of c o n t r o l s .  

Cul tures  were incubated a t  30° C.  on a r o t a r y  
The r e s u l t a n t  growth w a s  c o l l e c t e d  on t a red  

RESULTS 

More than 200 c u l t u r e s  of b a c t e r i a ,  y e a s t s ,  and fungi  were screened f o r  t h e i r  
a b i l i t y  t o  grow on Fischer-Tropsch and low temperature tar f r a c t i o n s .  The yeas ts  
Candida l i p o l y t i c a  s t r a i n s  409, 409A, 409B, and Candida t r o p i c a l i s  s t r a i n  410 were 
s e l e c t e d  as the most promising c u l t u r e s  with respec t  t o  t o t a l  ce l l  y i e l d ,  a b i l i t y  
t o  u t i l i z e  d iverse  s u b s t r a t e s ,  and r e s i s t a n c e  t o  reasonably high s u b s t r a t e  concen- 
t r a t i o n s .  These preliminary s tudies  a l s o  ind ica ted  t h a t  growth y i e l d s  on Fischer- 
Tropsch f r a c t i o n  FTL and low temperature tar f r a c t i o n s  WSF and HSFd were negl ig ib le .  
No f u r t h e r  s t u d i e s  were made with these  f r a c t i o n s .  

Comparative Growth Studies .  Pure Compounds vs.  Coal-Derived Material. Absolute 
growth y i e l d s ,  i n  mg. dry weight per  gram of s u b s t r a t e  added, are given i n  t a b l e  
4 .  
weight) were obtained with n-hexadecane as s u b s t r a t e ;  C. l i p o l y t i c a  409 and 409A 
gave the  bes t  y i e l d s .  
octadecene (C. l i p o l y t i c a  409 and C.  t r o p i c a l i s  410) and Fischer-Tropsch f r a c t i o n  
FlW (C. l i p o l y t i c a  409B) served as growth s u b s t r a t e s .  

\ 

The h ighes t  growth y i e l d s  f o r  a l l  c u l t u r e s  (ranging from 433 t o  719 mg. dry 

Growth y i e l d s  of 300 mg. o r  higher  were obtained when 1- 

Other s u b s t r a t e s  y ie ld ing  
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more than 200 mg. dry weight were paraffin-rich low temperature coal tar fraction 
CTP (all cultures), and Fischer-Tropsch fractions FTD (C. lipolytica 409B) and 
F ~ J  (C. lipolytica 409). All cultures yielded less than 100 mg. dry weight on 
low temperature tar fraction HSDfJ. 

Table 4. Growth yields on pure compounds, low temperature tar, 
and Fischer-Tropsch fractions'/ 

C. lipolytica C .  tropicalis 
Substrate 409 409A 409B 410 
Low temperature tar 
HSD&/ a3 43 0 62 
CTP 27 2 276 294 208 

Fischer-Tropsch 
PTP 134 115 280 - 
FlW 287 127 344 200 

Pure compounds 
1-Oc tadecene 357 295 244 344 
n-Hexadecane 719 628 433 453 

- 1/ 
- 2/ 

Average of triplicate cultures. 
substrate added, corrected for growth in controls. 
Phenols removed by two passes on alumina column. 

Data in mg. dry weight per gram 

\ 

4 

r 

f 

Figures 1 and 2 illustrate comparative growth yields relative to n-hexadecane using 
the data in table 4. On all substrates tested, with the exception of low temper- 
ature tar fraction HSD0, C.  lipolytica 409B consistently gave yields greater than 
50% relative t o  n-hexadecane and appears to be the most versatile culture. C. 
tropicalis 410 is noteworthy for its ability to utilize the terminal olefin 
octadecene (75% relative to n-hexadecane). 

Comparative Growth Studies. Petroleum-Derived Paraffin Fraction vs. Coal-Derived 
Material. Table 5 compares absolute growth yields on coal-derived material with 
yields on a normal paraffin fraction derived from petroleum (PET). The three 2. 
lipolytica cultures yielded over 300 mg. dry weight on petroleum fraction PET. 
Yields greater than 300 mg. dry weight were also obtained on Fischer-Tropsch 
fraction F W  with C. lipolytica 409 and 409B. 
than 200 mg. dry weight on low temperature tar fraction CTP. C. lipolytica 409B 
and C .  tropicalis 410 both produced more than 200 mg. of dry cells on low temper- 
ature tar fraction CTPO. C .  lipolytica 409B also yielded more than 200 mg. dry 
weight on Fischer-Tropsch fraction FTD. 
growth on low temperature tar fraction HSD; however, upon removal of the phenolic 
constituents from this fraction, C .  lipolytica 409B and C. tropicalis 410 produced 
more than 100 mg. of dry cell material. 

Figures 3 and 4 illustrate comparative yields relative to petroleum fraction PET 
using the data in table 5. C. lipolytica 409 was outstanding on Fischer-Tropsch 
fraction FW and low temperature tar fraction CTP, yielding 99.8% and 84.5X, 
respectively, of the growth obtained on PET. C.  lipolytica 409A gave a relative 
growth yield of 70.5% on fraction CTP. The versatility of C. lipolytica 409B is 
again illustrated by relative yields ranging from 60.4% (fraction CTPO) to 85.3% 
(fraction FlW) on all substrates except fractions HSD and HSDd. C.  tropicalis 
410 was outstanding in its relative ability to grow on low temperature tar fractions 

All cultures gave yields greater 

All cultures yieldFd negligible or no 

I 
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CTP (95.2%) and CTPO (84.2%), although absolu te  y i e lds  were below those  obtained 
with C.  l i p o l y t i c a  4098 on t h e  same subs t r a t e s  (see t a b l e  5) .  Also i n t e r e s t i n g  
i s  the apparent c o r r e l a t i o n  between the  a b i l i t i e s  of C. l i p o l y t i c a  409B and C. 
t r o p i c a l i s  410 t o  use a terminal o l e f i n  ( t a b l e  4 )  and t h e i r  a b i l i t y  t o  grow on 
low temperature t a r  f r a c t i o n  C p O  which conta ins  56% of o l e f i n i c  colapounds ( t ab le  
2). The C. l i p o l y t i c a  409 and 409A cu l tu re s ,  which-gave lower y i e l d s  on 1- 
octadecene r e l a t i v e  t o  n-hexadecane ( f igu re  l), r e f l e c t e d  t h i s  i n  t h e i r  lower 
absolu te  and r e l a t i v e  y i e lds  on CTPO compared wi th  CTP ( f igu re  3, t a b l e  5). 

Table 5. Growth y i e l d s  on low temperature tar, 
Fischer-Tropsch, and petroleum f r a c t i o n d l  

C.  l i p o l y t i c a  C. t r o p i c a l i s  
Subs t ra te  409 409A 409B 410 

Low temperature t a r  
HSD2I 14 6 0 0 
H S d I  73 72 106 102 
CTP 259 235 287 23 2 
CTPO 113 124 233 2 05 

Fischer-Tropsch 
PTD 114 150 243 0 
FlSJ 306 167 3 29 161 

Petroleum 
PET 307 333 385 244 

- 11 
- 21 Phenols no t  removad. 
- 31 

Average of t r i p l i c a t e  cu l tu re s .  Data i n  mg. dry weight per 
gram subs t r a t e  added, cor rec ted  f o r  growth i n  con t ro l s .  

Phenols removed by th ree  passes on alumina column. 

Growth Studies on Other Coal-Derived Materials.  S tudies  were begun t o  inves t iga t e  
the  f e a s i b i l i t y  of producing microbial  food from other  ma te r i a l s  der ived  from coal ,  
such as ac ids  obtained by oxidizing coa l  with a i r ,  n i t r i c  acid-oxidized an th rac i t e ,  
and a mixture of polynuclear hydrocarbons found i n  high temperature c o a l  tar. 

A 56% aqueous so lu t ion  of c o a l  ac ids  (obtained from the  Dow Chemical Co.) and a 
water-soluble mixture of aromatic ac ids  from the  a l k a l i n e  oxidation of coa l  
(obtained from the Carnegie I n s t i t u t e  of Technology) were t e s t ed  as growth 
s u b s t r a t e s  f o r  a l l  of our  yeas t  cu l tu re s .  
s o i l  enrichment cu l tu re  procedures designed t o  favor the i s o l a t i o n  of yeas t s  gave 
negative r e s u l t s .  
t h e  coa l  ac ids  were i so l a t ed ;  quan t i t a t ive  s tud ie s  on growth y i e lds  are i n  progress. 

A s e r i e s  of oxidation products from the  n i t r i c  ac id  oxidation of a n t h r a c i t e  was  
obtained from the Bureau of Mines Anthrac i te  Research Center. lk1 The acid-soluble 
res idue  of the  1000-hour oxidation time supports the  growth of a b a c t e r i a l  cu l tu re  
previously i so l a t ed  on one of the coa l  ac ids .  Growth y i e l d  s tud ie s  and enrichment 
c u l t u r e  procedures a r e  i n  progress.  

A mixture of polynuclear hydrocarbons found i n  r e l a t i v e l y  l a rge  amounts i n  high 
temperature coa l  tar was prepared. 
methylnaphthalene, 59.2; 2-a1ethylnaphthalene, 16.3; naphthalene, l l r 9 ;  phenanthrene, 
12.5. A number of b a c t e r i a l  c u l t u r e s ,  but no yeas t s ,  capable of growing on this 
mater ia l  have been i so l a t ed  from s o i l .  

No growth was obtained. S imi la r ly ,  

However, a number of b a c t e r i a l  c u l t u r e s  capable of growing on 

It was composed of (by weight percent )  1- 

Growth y i e ld  s tud ie s  are i n  progress.  
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DISCUSSION 

I n  prac t i ce  
~ b t a i n e d . ~ * ~ * ~ ' ~ ~ /  Although our absolu te  growth y i e lds  on pure hydrocarbons, 
petroleum, Fischer-Tropsch, and low temperature tar f r ac t ions  were somewhat lower, 
it must be remembered t h a t  our experiments were designed s o l e l y  t o  t e s t  the 
f e a s i b i l i t y  of using these  s u b s t r a t e s  f o r  microbial  food production. Improvements 
i n  the  n u t r i t i o n a l  q u a l i t y  of t he  growth medium, closer con t ro l  of pH, more 
e f f i c i e n t  ae ra t ion ,  and o t h e r  p rac t i ces  of t h e  fermentation microbio logis t ' s  a r t  
w i l l  undoubtedly result i n  h igher  cell y i e lds .  

over 80% convers ion  of hydrocarbon subs t r a t e s  t o  c e l l  material has been 

\ 

I t  is c l e a r  t ha t  some of t h e  subs t r a t e s  derived from coal  which were t e s t ed  are 
c l o s e l y  comparable t o  petroleum-derived normal pa ra f f in s  i n  t h e i r  a b i l i t y  t o  
support  microbial  growth w i t h  t he  concomitant production of c e l l  material (food). 
Pa ra f f in - r i ch  low temperature tar  f r a c t i o n  CTP and Fischer-Tropsch f r a c t i o n  FTW 
were outstanding in t h i s  regard .  / 

Oxidized coa l s  and polynuclear aromatic hydrocarbons may be s u i t a b l e  f o r  the  
growth of bac te r i a ,  r a t h e r  than yeas t s ,  f o r  use  as food material. Fur ther  experi-  r 
ments along t h i s  l i n e  are i n  progress.  
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